EUROSURGEONS working in the CPA have been empirically recognizing that the cochlear nerve is highly vulnerable to traumatic stress resulting from surgical procedures. 17, 19 Therefore, prevention of traumainduced hearing loss is an extremely important issue for neurosurgeons who manage lesions in this neuroanatomical area. 17, 19 Despite its importance, no one yet precisely understands how the cochlear nerve degenerates following traumatic stress.
In the present study, we quantitatively induced cochlear nerve degeneration by compressing the CPA portion of the cochlear nerve in rats, and the progression of cochlear nerve degeneration was followed for 4 weeks after the induced compression injury. Results from this study disclosed for the first time that cochlear nerve degeneration following compression injury progresses in a relatively rapid manner until it is finally complete at the end of the 1st week after the insult.
Because accurate knowledge about the temporal profile of trauma-induced cochlear nerve degeneration is indispensable to establish measures to ameliorate cochlear nerve degeneration following trauma, the information obtained in this study may be extremely useful not only to neurosurgeons but to all who manage lesions involving the cochlear nerve.
were in a state of deep anesthesia. In our experiment, the CPA portion of the cochlear nerve in rats was quantitatively compressed in the CPA while, with the aid of intraoperative monitoring of CAPs of the cochlear nerve, avoiding insufficiency of blood supply to the cochlea that could result in irreversible inner ear damage. The details of this established experimental method have been described elsewhere. 17, 18 Briefly, male Sprague-Dawley rats, weighing between 650 and 700 g, were anesthetized with 7.5 mg/100 g pentobarbital sodium (Nembutal) administered intraperitoneally. After the rats were fixed in a small-animal stereotactic frame, right suboccipital craniectomies were performed with the aid of a surgical microscope, and the seventh and eighth cranial nerve trunks were identified at the IAM. An L-shaped stainless-steel wire was used as the CR electrode, which was placed so that it touched the superior edge of the IAM and was then shifted laterally 0.3 mm so that its tip touched and remained in contact with the bone surface of the IAM as the electrode was advanced. The angle of compression was precisely controlled to apply maximum direct pressure on the nerve with minimum pressure on the artery. The axis of the electrode was tilted posteriorly so that the end pointed caudally at a perpendicular angle of 26.8˚. Advancement of the CR electrode was accomplished by using a micromanipulator driven by a pulse motor. The operation of the pulse motor was automatically controlled by a programmable controller.
All animals underwent the same compression procedures, namely the first and second compressions, and were then followed for 4 weeks postcompression. The first compression is performed to obtain the starting point for the second compression, the flat point, and the second compression is performed to injure the cochlear nerve. During the first compression of the cochlear nerve, the CR electrode was advanced at the speed of 1 m/second until the CAPs of the cochlear nerve were seen to flatten, referred to as the "flat point." The CR electrode was maintained at the flat point for 10 minutes. The rats in which the CAPs recovered to baseline within 60 seconds after the flat point was reached were included in this study. The depth of electrode advancement for the second compression was 400 m, and the speed of the electrode advancement was 5 m/second. Immediately after the second electrode advancement was completed, it was removed at a speed of 101 m/second.
Recordings of Auditory Evoked Potentials
During the first and second compression procedures, the CAPs were recorded between the tip of the CR electrode and the vertex, with the ground electrode placed at the base of the rat's forelimb. Click stimuli were presented to the right ear (surgical side) at a rate of 9.5 pulses/second through an earphone driven by a 100-sec rectangular pulse wave fed by a stimulator; evoked potentials were amplified with a bandpass of 50 Hz to 3 kHz and were averaged using a processor with a sampling interval of 20 sec and 500 data points in each recording. The CAPs from the nerve to five successive clicks were averaged and stored in a computer. This rate led to a continuous CAP recording rate of one potential every 2.4 seconds before the flat point was reached. The brainstem auditory evoked potentials were also recorded between the base of the ear and the vertex by using the ground electrode at the base of the forelimb, before exposing the eighth cranial nerve and after the wound was closed.
Histological Examination
The rats that had undergone compression injury were divided into four groups of seven rats each. One group of rats was killed each week postinjury for 4 consecutive weeks. The animals were perfused transaortically with 10% formaldehyde solution in 0.1 M phosphate buffer (pH 7.4) while in a state of deep anesthesia. Another group of seven rats that had not received compression injury was also perfused, as described previously, and were used as controls. Three hours after perfusion, both temporal bones and the brainstem were removed en bloc, using the utmost care so as not to disturb the anatomical relationship between the temporal bones and the brainstem. Our preliminary observation during the development of this method was that the surgical procedures in which no compression injury was delivered did not have any effect on the number of surviving SGCs; therefore, after the left side (not surgically treated) of the temporal bone and brainstem were removed, the right side of the temporal bone was processed for histological examination. The tympanic bulla was opened and the specimen was then immersed in the same fixative for 1 day at 4˚C, after which it was decalcified with ethylenediamine tetraacetic acid and hydrochloric acid solution, pH 7.4, for 7 days. In sectioning the temporal bones, scrupulous care was taken to ensure that the positions where cell measurements were made in the different animals corresponded as precisely as possible to those described in detail elsewhere.
20 Serial 3-m frozen sections of each temporal bone were embedded in optimal cutting temperature compound, stained with hematoxylin and eosin, and examined with a light microscope. Among the slices made from these procedures, the largest section that simultaneously included all four Rosenthal canals (basal, lower middle, upper middle, and apical) and the cochlear nerve with the widest possible width was selected for cell counting. The number of nuclei in the SGCs within the Rosenthal canal were counted in the basal and lower and upper middle turns. In the apical turns, there was no distinct bone boundary as found in the other turns and therefore the cell density was calculated based on an area that was defined at the bottom of this turn, as described in detail elsewhere. 17 Cell counting was performed by one of the investigators (A.Y.) who was blinded to the category of the animal. Data obtained were statistically analyzed using the Mann-Whitney U-test with commercially available computer software. The statistical calculations were made using the same computer software.
Sources of Supplies and Equipment
Nembutal was acquired from Abbott Laboratories, Osaka, Japan. The model 900 small-animal stereotactic frame was obtained from David Kopf Instruments, Tujunga, CA. The pulse motor, PC-5N, was acquired from Narishige, Tokyo, Japan. The Syntax 1100 processor was purchased from NEC Medical Systems, Tokyo, Japan. The optimal cutting temperature (OCT) compound was obtained from Sakura FineTechnical, Tokyo, Japan. The SPSS version 7.5.1(J) is a Japanese version.
Results
The photomicrographs in Fig. 1 show the histological findings in a representative rat from each group, indicating that the CR electrode compressed an anatomically identical location of the CPA portion of the cochlear nerve in all of the rats examined. At these compressed portions, laceration of the cochlear nerve fibers and multiple cavities were observed. In Fig. 2 , the SGCs in each cochlear turn in the representative rats shown in Fig. 1 are depicted sequentially from the precompression period to the end of the 4th week postcompression. Each Rosenthal canal where the SGCs were housed was densely packed by the SGCs in the control rat. At the end of the 1st week postcompression, however, the number of the SGCs in each cochlear turn decreased significantly (Fig. 2) . From the 2nd to 4th week postcompression, however, no significant reduction in SGC number could be detected. The significance of these findings was statistically determined; the difference in the SGC number between the control group and that in any other week after compression injury was statistically significant (Fig. 3) , but comparison of the SGC number in any pair other than the control group did not show statistical significance (p Ն 0.05).
We calculated the survival rate of the SGCs in each cochlear turn after compression injury by dividing the mean number or density of the SGCs from the 1st to 4th week postcompression by the SGC number or density in the control rats; the survival rates of the SGCs were 50.6, 42.8, 34.5, and 27.1% in the basal, lower middle, upper middle, and apical cochlear turns, respectively (Table 1) 
Discussion

Injuring the Cochlear Nerve: Methodologies
Cochlear nerves are bipolar neurons, and cochlear neuronal degeneration may be induced in either its peripheral process (cochlea side) or from its central process (CPA side). [17] [18] [19] 22 Sensorineural hearing loss following the improper administration of aminoglycoside antibiotic agents or sound overstimulation is caused by the former mechanism; hearing disturbance experienced following CPA manipulations in humans is induced by the latter. [17] [18] [19] In either case, cochlear nerve degeneration proceeds retrogradely toward the SGCs until, finally, the SGCs disappear. [17] [18] [19] 22 In our experimental model, the cochlear nerve fibers and the IAA were simultaneously compressed by the CR electrode at the IAM. 17 The compression was precisely applied to damage the cochlear nerve selectively without significantly compromising the blood supply to the inner ear. 17 The duration of the compression to the IAA in the present study was less than 1 minute for the first compression and 80 seconds for the second compression. Cessation of blood supply to the inner ear for such a short interval does not cause systemic cochlear ischemia that results in irreversible cochlear dysfunction; the critical time of cochlear ischemia beyond which there may not be complete recovery of the CAPs has been reported to be 5 to 10 minutes or more. 1, 11, 17 In our previous study in which we used this experimental method in rats, we confirmed that there is a constant anatomical relationship between the vestibulocochlear nerve and the IAA at the IAM level. 17 Therefore, an important premise in these methods was that at the flat point, the cochlear nerve may have been consistently compressed by the CR electrode across all rat groups to the same extent in relation to the full cross-sectional diameter of the cochlear nerve trunk.
The first compression is performed to obtain the starting point for the second compression, the flat point. The flattening of the CAPs was caused by impairment of the blood supply to the cochlea through the IAA; however, pulsation of the IAA would push the surrounding nerve tissue aside when the CR electrode was kept at the flat point, causing the caliber of the IAA to normalize gradually and the CAPs to reappear spontaneously within 1 minute after reaching the flat point. In our previous study, we did not see any signs of cochlear nerve degeneration, even when the CR electrode was maintained at the flat point for more than 20 minutes. 17 This experimental evidence consistently showed that the duration and degree of the first compression was so slight that it could not cause irreversible damage to the cochlear nerve fibers. Therefore, it is reasonable to state that the reduction of the SGCs was mainly caused by the second compression.
Sharp transection or blunt aspiration with suction in the CPA have been the traditional methods used to create a lesion in the central process of the auditory nerve. 4, [14] [15] [16] 24 When creating a lesion in the central process of the auditory nerve, the patency of the IAA should be strictly preserved, or the risk of auditory nerve degeneration could begin at the injured portion of the auditory nerve and from the cochlear side, making the analysis of the results confounding. The effect of interruption of the IAA is devastating; the entire cochlea becomes fibrotic and ossification takes place in a relatively short time. 17 Our experience has taught us that it is practically impossible to perform transection or aspiration of the auditory nerve fibers and ensure simultaneous sparing of the IAA. The IAA is extremely thin and hidden between the vestibulocochlear nerve and the facial nerve and therefore cannot be visualized even with the aid of a sophisticated surgical microscope. 17 Studies reported in the literature in which transection or aspiration has been performed to place a lesion in the cochlear nerve should be read with caution, even if they are quantitative studies, because there are no firm scientific grounds to support the premise that such transection or aspiration results in total severance of the cochlear nerve fibers with complete sparing of the IAA. 4, [14] [15] [16] 24 
Temporal Pattern of Compression-Induced Cochlear Nerve Degeneration
Based on the results of the present study, it was evident that degeneration of the cochlear nerve was complete within 1 week after compression injury and no statistically significant change of SGC number could be observed thereafter. Such a comparatively rapid progression of cochlear nerve degeneration has not been reported prior to our study. This implies that any intervention to ameliorate cochlear nerve degeneration following traumatic insults should be performed early, within the 1st week posttrauma.
Among the sensory cranial nerves, the optic nerve is the only other one that exists in the same anatomical situation as the cochlear nerve; the long central process of the ganglion cell extends centripetally, and its degeneration pattern following its central process injury has been repeatedly investigated. 2, 7, 13, 23 The survival rate of RGCs after the optic nerve has been severed depends on at least two factors: the magnitude of the initial insult and the distance between the lesion and the ganglion cells. 23 The survival rate of RGCs 15 days after intraorbital optic nerve transection was only 25 to 39%; however, the rate rose to 57 to 66% when the optic nerve was severed intracranially. 23 Notably in that study, there was a greater number of RGCs lost after nerve transection than after crushing, which was a less invasive method for placing a lesion on the optic nerve. 23 In the present study, although the apical region was the farthest from the compression site, the survival rate of SGCs in this turn was the lowest (27.1%) and the survival rate was the highest in the basal turn (50.6%), which was nearest to the compression site. This implied that the magnitude of the initial traumatic impact dominated the temporal pattern of cochlear nerve degeneration, rather than the distance factor in the present study. As described elsewhere, the cochlear nerve fibers from the basal turn receive less traumatic impact than those from the apical turn because of the anatomical relationship between the CR electrode and the cochlear nerve fibers at the IAM. 17 
Mechanism of Cochlear Neuronal Death After Compression Injury
Compression of the cochlear nerve may have caused disruption of the plasma membrane of the cochlear neurons and an inevitable massive influx of calcium from the extracellular space into the intracellular space, leading to the induction of cell death. 5, 9, 12, 19 Recent evidence has indicated that necrosis and apoptosis are not separate entities but a kind of continuum depending on the severity and duration of the insult. 3, 5, 9, 10 We believe that the cell demise observed within 1 week after the compression injury in the present study may have been induced primarily by a necrotic mechanism following massive influx of calcium due to the traumatic rupture of the plasma membrane. We cannot, however, totally exclude a subsidiary role played by an apoptotic mechanism. Indeed, Berkelaar, et al., transection. In our previous study, however, we demonstrated a massive infiltration of ED-1 immunopositive macrophages into the compressed portion of the cochlear nerve 2 weeks after the compression, 21 indicating the presence of a remarkable inflammatory reaction, one of the main features of necrosis. 3, 6, 8 In the present study, most cochlear nerve fibers beneath the CR electrode may have been injured too severely for apoptosis to be induced, because only insult below the threshold can activate apoptosis. 3, 10 Conclusions Accurate knowledge about the temporal profile of trauma-induced cochlear nerve degeneration is closely linked with the problem of the therapeutic time window. The present study demonstrated for the first time that traumainduced cochlear nerve degeneration progressed in a relatively rapid manner and was completed within 1 week after the insult. Measures to ameliorate trauma-induced cochlear nerve degeneration must be started within 1 week following trauma.
